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INTRODUCTION
Cavitation is usually defined as the formatior, c.used by a reduction in pressure, of

a vzpor phase within = fiowing Heuid, or at the jnteiface between 2 ligid and 2 solid

surface. For hulpient caviation, tius definition is somewhat ambnguous because various
critrnion 2nd methous are used ty deteat the vapor plase. Incipient cavitation usuvally
icfers 1o the fu' | condition where the vapor phase is harely visible to idie unaided eve.
The vicual incepis criterion is used because the sensitivity [179] of various 2coustic
detectors can sa:y apizeciably. Prossure and temyperature profiles witkin fuliv developad
avities cecently were messured [#] and are referred to herein as developed-cavitation
dita,

o design liguid handdi @ cuipment such ws pumps and flow meters, the designer
must determin:. whe thee cavitetion will occur, and in many cases, to what extent While
the noncaviatioz perfonmance of hy draulic equipment may be predicted from established
simijarity laws, ewictiog performance can seldom be predicted from fluid to fluid. The
eficets of fluid provcrtics on cavitation performance are well recognized {3-*] and require
more understanciny to develop impreved similarity relations [1%) for equipment desiga.
NASA hes undeitlen a program |19 to derenmine the thermodynamic behavior of ditfer-
ent fluids in an cflost to obtain improved design criteria to aid in the prediction of cavitat-
ing pump performance. The expeiiiacntal data deseribed herein were obtained in support
of this program znd represent an extensio of work done at NASA [*3-22), The purpose
of this preseniation is winfold: (a) to briefly review key experimental results reported
elsewhere [*), and (h) to propose and evaliate possible improvements to cxisting theory
regarding the effects of fluid pioperties on developed-cavitation performance of equip-
ment. The 2nalytical part of this work extends the similarity equation [28] by permitting
the cavity thickness £ to vary as a function of velocity and cavity length. The cavity
thickness was taken as constant in the previous study %}

The similarity equarion is useful for correlating the cavitating performance 5 3%
of a particular piece of equipment from fiuid to fluid; this equation is also useful in R
extending the velocity and temperature range of data for any given fluid. Experimental I -
data |’} were used w evaluzte the pustulated improvements, theory, etc., concerning this » &
similanity cquation. The tcst section was a transparent plastic venturi with § Quarter-
round throst entrance. D-tails of the venturi, apparatus, operating procedure, etc., are
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*More graphicul and tabulated developed-cavitation data are given elsewhere [*).
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EXTENCION OF THE Cu"'r;:no\' SIMILARITY
EQUATION TIJEOR

The similority equation for devidoped cavitztion is given by Gelder et al. [*°] as
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Py =49 20 p510, K, * 097 Pyt 4895 prig, K, 4182 nitrogen; nominal cavity length, 3.25 in.

*Applications of the similarity equativn are described in the introduction 1o this paper and in the

literature & 1% 39,
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To accoor t fur the difiircice betvween theory and practice, (1) can be written in the
fullowing imm:
..

e\ (Nt T\
pera (2 () ) G

The exponenis in {2) zre evalucted from experiinent] data 25 foliows:

~
ta
~—

1. B, is obtuined for cach e<n rimental data point from a cavity pressure-depression
(py — Pn) vs. "L factor plot (7).

2. One dota point is atbiirarily chosen as a reference; the x, [, 15, and B, frem the
chosen experitmenizl run are then inserced inte (23 as eonstants where the subseript “ref”
occurs. The 7 i--m can be consider=d equal to unity {2s in previous studies [+ 2]y or 2
functic.. of Cavity lenzih £ and velocity Fy (sce discussion below): in the latter case, the
Iterm is absotbed inie the Land 175 terms.,

3. Values of 5, 4, sndd T, frons each data point are then insertzd into (2) 2 the non-
subscripted terms. Thiz produces an equation for every data point cxcept the ¢ <hosen
25 a reference. Sore that the wr haswns in this set of simultanecas equadons “-u ¥ and
the cxponents 24, n, and p.

4. The compnter 1s then programmed to range through vaiues of the exponents—
one at a time. For cach new valuc of m, 1, or p the compater funds the value for B, on the
lefc side of (2}, then computes the sum of the squares of the differences between tne caleu-
lated B and the B, for cach equation. The corputer adjusts the esponents until the sum
of the squares of the diierences vre minimized; in some (ases, GAE OF MOfE CAPONEIRLS
were held constant at theoretical or arbitrary valies. ‘This process evsures that the caleu-

ted B values are brought as closely as possible to their respective theoretical By values;
the exponents computed in this manner repre.2nt the best agreement between experi-
ment, equation (?), and the encrzy balance equation for B,.

In the work of Gelder et al. [!5], the cavity thickness ratio in (2) was assumed to be
unity and the exponents for the other terms were experimentally evaluated, The expn-
nents obtained by Gelder ef al. for F-114, along with the theorctical expenents for {1),
were applicd to the data cbtained in recent experiments {*]. The “best fit” sct of exponents
were also obtained by computer for these data, ugain assuming the / term equal to unity.
Tables of exponents, along with their standard deviations in the B factor, are given in
Table I for hydrogen and Table 1 for nitrogen, The standard deviation is 2 measure of
the validity of the theories for the similarity and /3, expressions as both are evaluated from
experimental dafa. The numerical value of £, usnally lies between & Jo and five.

Because the “best fit” exponents vary appreciably from the theoretical valucs, one
possibility for improvement is to let # be a function of cavity length and velocity. As an
example, assume that the cavity has the shape of a semicubical parabola, £2 = ax?; if it
is also assumed that the coordinate proportionality factor is linearly related to I, then
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G= Tl v vere B ot aay poven faid and test iten Obtaining the copression
L b requines wi inte saton
1 et i
i= } (kFg) Sw2® e (3
[Q
Intepriuon of (3) and substitutizn of the tesulting e (J) resuits in
Tallo L Evaluliion of Similaniiy Equation Usiog Liquid Hydiosen Data
Tsta Sourae of exporents Stand 'rd dniationst
[EEN I (1 0., av umed cavpty Exporernts} v v reference
- f catton ahepes toom thes puaner cavity l.r~ths as fullows:
) and expovents obtained I -
ﬁi front 1o ronce matenil) n n v 1250 2.00in. 3.25in,
§ SRS S — il _
; T | Theory [ fous ey 0.5 0.5 0.5 .64 136 2.22
2 See (1) g
¥ T1-2 | Glddir, et al i 0.5 —0.16 0.85 0.83 0.92 0.67
o 5], expere- !
% meat.] dota
5 vath =11+
by T 1.3 | Comrrter 0.5 0.5 0.314% 1.33
“best fit””
T 1-4 ! 0.5 —0.278* 05 0.58
T1-5 | 05 -0332¢ 05 0.58
T 1-6 ; 05 -0.372" G5 0.56
. ri-7 ! Q.5 —030%*  (.732* 0.56
Ti-8 i (U —0.348* 0.430* 0.57
T1.9 i 05 —G.39%  0.61* 0.56
T 1-10 i —3.52* —0.348* 0.554* .38
T 1-11 —3.82% —0.30+%  0.644° 0.36
¥ T 1-12 l —-3.52% --0.414* 0496%| 0.41
‘ T 1-13 —4.62* 0.5 0.5 1.17
T 1-14 | Exparents chosen £ = fiy 0.5 -0.3 0.5 0.59 0.58 C.58
as a comypionuse
between tl.eory
and iaperunsnt
T i-15 { Semi-cubical 3 = ka? 05 —0167 05 0.74 0.63 0.62
parabola -,
T 1-16 | Concave £ = kx 0.5 0 0.3 0.98 0.76 0.84
parabola
T 1-17 | Strarcht ine t = kx 0.5 —0.5 0.5 0.66 0.63 0.71
T 1-18 | Semi-cubical 1 = kPt 0.5 -—0.167 0.833 0.82 0.39 0.65
puraebola
T 1-19 | Concave 12 = k¢ 0.5 0 1.0 1.11 1.23 0.99
parabola
) T 1-20 | Straight line | 1= k¢ 05 =05 1.5 0.77 249 0.78

Brat)™ [ leety” Vo
) () (75
1Standard Devistion = /[E(B~B)?]/N where N = number of data points, B, is computed from

theory [**}, and B is computed from (2).
*Exponents selected by computer, from experimental data, using a *“least squares”’ fitting technigue.
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tStanderd Dovisten = VLB = 205N vhere N = number of duta points, B, is computed from
theary [Y*], .nd #3as comruted from (2).

*Exponents s lected by computer, fiom expenimental duta, using 2 *‘least squares' fitting technique,

o ) ) L
' \ x ) I ‘VD, ot kre(

The (k'k %% term is taken as unity in (4) bocause the similarity equation requires
geometricallv suiastar cavity shapes from fisid to fivid for a specific testitem; also, correla-
tions* between tinrds are not bemg evaluated in this study. Odhes busic geometiical cavity
shapes can Le wosimned aad ditferent exponents for the Land T terins wall result. Table 1
lists the standard deviation in B {actor resulting from the use of several assumed cavity
shapes, as applied to the Lquid hydrogen cavitczion data ohtzined from recent eperis
ments. The cas ity tinchness may also be treated - a function of cavity length, but inde-
pendent of veloaty., In this cate 17 = kx* where ¢ and w depend only upon the assumed
cavity geometry. e.g., ¢ = w = 1 for 2 straight-hne variaticn, cte. Computer results for
some basic cavity shapes (negh cting effect of veiocity on cavity thickness) are also given
in Table L.

DISCUSEICN OF RESULTS

Developed-cavitation datz for nitrogen were obtained for one cavity length only;
therefore, the postulations coucerning cavity shape could only be applied to the hydrogen
data where thiee cavity lengths were available, Examination of Table I shows that the
basic theory (data set T1-1) gives rather poor results in terms of the standard deviation.
Better resuits are obteined by wsing the exponents of Gelder et al,, (data set T1-2) or by
permitting the computer to sclect one or more of the exponents (T1-3 through '1'1-13);
of course, the b=+ it exponents in sets T1-10 through T1-12 give the best results.}

In Table I, threc different cavity lengths were used as references in order to -'etermine
the effect of reference length upon standard deviation. The exponents m = 0.5, n =

*Limited nitrogen data precluded correlation between nitrogen and hydrogen fluids. NASA
Lewis Research Center personnel are preparing computer correlations [?°] using available hydro-

gen and F-114 data.
1Standard deviation is minimized in those computations where one or more exponents are <clected
by the computer; the absolute minitum standard deviavion is obtuined by permitting the compu-

ter to seicct sl three exponents.
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cavitie, o Lot clov e tate d rd deviet ooss Nete that € cavone s s theoretically

S5 forchiean v loses e d o pednde ondent of velaer (01215, "0 16, 200 T1-17);
also ptena to 95 when all thiee exponernts 2oe diloved to el a best fait (T'1-10, T'1-11,
ard TI12 for L dromen 100 or nateoany

Tabie | <hws that velod,-depondent cavivy shapes (371-18, 'T1-19, and T1-20)
produce candard deviadons v oveeed thows for cavity shave  where velocity 1s vealected
(F1-15,710 10 and 11-17) Howovor the sen-cubicad parabels with a velocity-donendent
shape (T1-15% does erve alranst the sume ovponents that Geller ef el obtained (T1-2)
with F-114. f'erbaps the concopi of velocity-depend ant cavity hare is pertinend for some
fluids other than hvdregen. The asunmption that average cavity thickness is a function of
cavity lenzth indicates conssderahle promse for hvdrogen: the scmi-cubical p- abola
(T1-15) and the straight ine (I'1-17) shapes give the best resuits of the three cavity shapes
exarnined hege,

The lack of variation in 2(-< 10¢7) may ¢xplain why the cxponent m tends to a nega-
tive number (T1-10 thicugh '1'i-13 for hydrogen, and T2-+ for nitrozen); because the
standard deviation ie barcly atiected by this smaii variation in », 72 was usually heid at the
theoretical valuc of 0.5,

Some characteristic data fur develnped Crwvitation in both Lvdrogen and nitrogen are
given in the form of pressure-depression curves. These curves show that the pressure and
temperature in the cavity ere ennally notin thermodynamic equilibrium.

Reces t daca are used to anulsze and evaluawe the hasic sirilarity-equation theory and
to compare these results with the experimental work of others; the cavity thickuess ratio
is assumed to be unity,

An aralvtical incthod, to account for variations in cavity thickness, is proposed and
evaluated u~ing the experiinental hydrogen data; the 1esults are again compared with the
experimentsl work of others. ‘T'he proposed method holds snmne promise for improvement
of the cavitation simularity equation.

RECOMMENDATIONS FOR FUTURE WORK

More developed-cavitation data, using closely spaced pressure and temperature taps,
is needed to ascertain more precisely the cavity pressure profile and fluid metastability.

Al existing developed-cavitation data, includiug Gelder ¢f al. should be computer
correlated in order to determine the pertinency of assumptions concerning cavity shape;
these correlations would use the existing “‘static-model”’ theory. Experiments stould be
designed to indicate the general shape of the cavity, thereby putting the theory on a firmer
basis. An analysis should be performed to redevelop the cavity model, accounting for
dynamic effects. Existing data could be used to evaluate the results of this analysis.

NOTATION

a = coordinate proportionality factor in cavity shape equations
B = ratio of vupor to liquid volume associsted with the formstion and sustenance of a fixed
cavity in a Jiguid
g = gravitational sceeleration, ft/sec?
By = test-section inlet head corresponding to abeolute inlet pressure, ft
. h, = head corresponding to saturation pressure at the test section inlet temperature, ft
& = constant used in expression for cavity thickness ¢

Tt
R

W 4l et e e W ARders g ..
b R SR b It o _-{_m‘\,_,...__,

L} .
g TS ks I“'_, L L

|




rd
C (&
1l = iy devdensdcavit v pate veer, {thy—=A0) 072200
I teldl covr s vopth pia vne b hua HLOANmM= P gie point o Guaiter-iound ontour
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plenii ventant
Por = sawn hor preosure eoriest ouding o the meannicd cavity temperature 2t 2 particelar
' stettor or voarument noitn waloof plastic venturn
! Fo = test cection whentuie gn'el pros,
’ Pz saorrnion s oo e L tecten co i 1t tompenature
t= Jocol thechress of sop e Bicd et st ony x valee
f - averee thane sel viporn s d coany
75 == bubbstrea i ramperatuie, of Lonad cntesing the test section, °R
Fo = veiucity o1 Lien s atanlet ta test s ton
¥ = dutance meated fron mnunuia-pressure point on quirter-round contour aleng sxis
of p.lastic veotun
a = therna! diloe vty of liGuad
Subscripis
tef — reference test, or et of test condimons. to which a coruputation 1s being referenced vvhen
2ttaeptin i to conddate Catitativn performance via the siovianty equation
Y t = drnotes theoretical orngn
¢ Superscnpts
m = exponent of therm. l-diffusiviiv ratio in (2)
r = exporent of (v ty-length rato in (2)
p = cxponent of text-sectim-iniei-veloaty tatio in (2)
3 g = eaponent in expresion for cavity thechness
7 w == exponent 1 eapiession for cavity ttnckness -
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25. R D, Rloore ml oS, Bieoon, “Foe Prediction of Thermodynaniic Enizets of Develuped
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DISCUSSION
Qres ton b K. Henry, NASA Lewis Research Centers Have vou investigated the role of
. diszedied gases un the @ weption of the caviiy, and if 1o how docs this compere with the worl of
Haroroutt ot the Hiniveroity of Michugan?
» snswer by authar: 2090 we have not examined the effects of dissolved gases on cavit:tion
inception; hovever, one i the adventazes nt expenimenting v.ath civogenic hguids is the minimeza-
tici: ol the effects of diselved and r¢ "1l gases upon nnde:mon. In our tests commercisity
av ilable hguwd crvogors, tl'tered to ranoie solid impurities, were transferre-l using condensibie
precsurants, (¢ o., hydr_ i gis over hydroyen liguid) to rovinnze these effelcs,
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